Abstract. Nanocomposite materials consisting of polymeric matrix materials and natural or synthetic layered minerals like clay are currently an expanding field of study because these new materials often exhibit a wide range of improved properties over their unmodified starting polymers. Epoxy/organoclay nanocomposites have been prepared by intercalating epoxy into the organoclay via direct mixing process. The clay exfoliation was monitored by X-ray diffraction (XRD) and transmission electron microscopy (TEM). Water diffusion and sulfuric acid corrosion resistance of epoxy-based nanocomposites were evaluated. Diffusion was studied through epoxy samples containing up to 6 phr (parts per hundred resin) of an organically treated montmorillonite. The diffusion of the environmental solution was measured by noting the increase in weight of the samples as a function of immersion time in these solutions at 80°C. The effect of the degree of exfoliation of the organoclay on water barrier and corrosion resistance was specifically studied. The data have been compared to those obtained from the neat epoxy resin to evaluate the diffusion properties of the nanocomposites. The flexural strength of the epoxy/organoclay nanocomposites samples made was examined to compare their mechanical performance under corrosive conditions as a function of immersion time and temperature. It was found, that the organoclay was mainly intercalated with some exfoliation and that addition of the organoclay yields better flexural strength retention under immersion into sulfuric acid.
Introduction
The research on polymer-layered silicate nanocomposites is currently an expanding field of investigation, this is mainly due to the large potential to achieve property enhancement significantly greater than that attainable using conventional fillers or polymers blends [1] [2] [3] . Understanding and controlling the various factors that govern the making of exfoliated thermoset/layered silicate nanocomposite is rather complex, several research projects have focused and made contribution to understand some of these issues [4] [5] [6] . Nanocomposites have the ability and the potential to reduce the permeability of polymer composites against ingress of corrosive substances. The reduction in permeability that can be attained from the exfoliation of layered silicates into polymers depends on the permeating agent being investigated. Few studies have been carried up to now on the effect of moisture on the barrier properties of nanocomposites [7] [8] [9] , although very limited studies have treated the corrosive environment on the nanocomposites. Epoxy based thermosetting polymer resins are widely used in the industry due to their superior characteristics such as good mechanical properties, and good resistance to chemicals. Significant use of epoxy resins as the matrix material in fiber reinforced composites, for the application in the aero-space and automotive industry [10] [11] [12] . However, such composites are highly susceptible to environmental conditions, primarily due to the degradation of epoxy matrix [8, 10, 11] . In our laboratory, epoxy/layered silicate nanocomposite has been developed, and the effects on the morphology development and properties have been investigated. The characterization of the environmental degradation (immersion in water or in sulfuric acid) under temperature of 80°C was focused on. It is expected that the addition of organoclay could increase the life service time by offering a barrier to water/ acid transportation.
Experiments

Materials and sample preparation
Bisphenol A type Epoxy Epomik R140 from Mitsui Chemical Co., Ltd was used as the matrix; Jeffamine D230 a diamine curing agent from Huntsman Co., and the organoclays used was the Nanomer I.28E from Nanocor Inc. The organoclay was swelled with the curing agent and mixed with a mechanical stirrer at 1500 rpm for 1 h at 60°C, followed by ultra-sonication for an additional 1 h. After this, epoxy resin was added. Prior to curing, a degassing under vacuum was applied. Curing was done in two stages first at 70°C for 6 h followed by a post cure at 110°C for an additional 6 h. The load of the clay was varied from 0.5 to 6 phr (parts per hundred resin).
Characterization
X-Ray diffraction (XRD) was performed on a Philips Xpert MPD PW3050 X-ray diffractometer with a CuKα as a radiation source (λ = 1.54), operated at 40 kV and 30 mA. Samples were scanned at diffraction angles (2θ's) from 2° to 10° at a scan speed of 0.016°/s. Transmission Electron microscope (TEM) photographs were taken with a JEOL JEM 2010F using an acceleration voltage of 200 kV. The penetration depth of the sulfur (S) element was monitored using the coupled Scanning Electron Microscopy (SEM)/Energy dispersive X-ray spectrometer (EDS) JEOL JSM-5310LV analysis of the cross section of the immersed samples in sulfuric acid. Bending test was done according to ASTM D790 with Shimadzu Autograph AGS-1KNJ machine.
Measurement of weight change
The mass uptake of samples having dimension 60×25×2 mm immersed in deionized water and 10 mass% sulfuric acid medium separately at 80°C using constant temperature bath, was measured by recording the amount of the solution absorbed within a fixed interval of immersion time. Before immersion all samples were dried at 60°C for 50 h and their initial weights and dimensions were measured. The specimens were periodically removed, wiped with filter paper to remove excess solution, and then were kept for 1h at room temperature before their weights -wet condition -were taken. Solution content was determined using Equation (1): (1) where M t , W t and W 0 are the solution content at a given time, weight of the sample at the time of the measurement and initial weight, respectively. Figure 1 illustrates the XRD spectrum of the pristine organoclay and that of the epoxy/organoclay nanocomposite with different clay content. The basal spacing of the pristine organoclay was about 24.18 Å presented as a single peak around 2θ = 3.65°. This peak was shifted to lower value when mixed with the epoxy to form the nanocomposite materials. This was an indication that epoxy was intercalated between the layers of clay during mixing, which eventually expands or exfoliates the clay layers; the d-spacing was shifted from the original value of 24.18 Å to that around 34 Å. By XRD, the formed nanocomposite simply would be defined as intercalated, in that there was an observed increase in the d-spacing as compared to the original clay d-spacing. It also is observed that the higher the clay contents the higher the peak area. This is attributed to the high concentration of the organoclay that may agglomerate within the matrix and thus become difficult to disperse and to exfoliate within epoxy resin. TEM images of the sample containing 1 phr organoclay are shown in Figures 2a and 2b , where the dark lines are the cross section of silicate, it reveals that although there were intercalated multilayer crystalline present, single exfoliated silicate layers were also prevalent. At low TEM magnification Figure 2a micrograph showed that the clay was well dispersed throughout the polymer with some agglomeration. Higher magnification (Figure 2b) showed that regions where both intercalated and exfoliated structures existed and regions were both intercalated tactoids and a few individual layers were present. Hence, the designation of an intercalated/exfoliated type of nanocomposite is recognized as already noted in XRD analysis. This to conclude that achieving a full exfoliation with this material is quite difficult, and to reach an optimum one must try different ways and combinations of mixing.
Results and discussion
Nanocomposite morphology
Diffusion test
Materials (neat epoxy or epoxy/organoclay nanocomposite) immersed into water or into sulfuric acid at 80°C, gained mass due to the environmental solution uptake, as shown in Figures 3 and 4 for water and sulfuric acid respectively. The weight gain (M t ) over the equilibrium weight gain (M ∞ ) as a function of root time per specimen thickness (t ½ /l); increased approximately linearly before saturation occurred. The equilibrium mass uptake for neat epoxy was around 3% for immersion in water and around 18% for immersion in sulfuric acid. Obviously the mass uptake in acid is much higher than that in water due to the formation of a tertiary amine salt amine group [13] , when all the amines in the resin are converted to amine salt, the weight gain reaches the equilibrium level [14] . In the case of water diffusion, no real performance of the added organoclay was found and similar trend is obtained as illustrated in Figure 3 the equilibrium mass uptake remains within the same value as for neat epoxy. It was expected that the incorporation of the organoclay increases the tortuosity path and thus decreases the equilibrium mass uptake, however, this was not the case, this may be explained by the fact that the organoclay was not fully exfoliated, and was rather intercalated with some agglomeration. Another important factor that could play an important role is that the organoclay may have kept some of its naturally hydrophilic characteristic and thus still attract water. Finally the presence of micro voids due to the increase in viscosity when mixing the organoclay. The free pore volume can easily take up the solvent molecules and increases the mass uptake. Some authors find similar trend as in the case of Lan and Pinnavaia [3] , Massam and Pinnavaia [15] and Becker et al. [12] where they found in their studies concerning epoxy nanocomposite performance towards water and other organic solvent; that only the rate of absorption was reduced, and that the equilibrium water uptake was found to be relatively higher in the case of epoxy clay nanocomposite. The equilibrium moisture uptake was found to increase with the amount of layered silicate added. It is suggested a dual effect between the benefit of adding high aspect ratio filler as a barrier properties enhancement to the above cited counter performance reasons i. e. not fully exfoliated, agglomeration, voids… etc. On the other hand, for the case of acid uptake, a similar tendency was also obtained for neat epoxy and epoxy organoclay nanocomposite that is a linear increase as function of square root immersion time; however, lower values were obtained for the organoclay content of 0.5 phr as observed in Figure 4 . At low organoclay content, better barrier properties performance was obtained, for the reason that the degree of exfoliation is higher with better dispersion and no agglomeration, it estimated that the tortuous path model appear to hold well only at very low clay loadings (<1 wt%) with significant deviations at higher loadings (1 to 5 wt%) and with change in humidity and temperature [16] . Acids diffuse quite easily into amine cured epoxy resin. The reaction between the resin and the penetrating acid cannot be excluded as already explained. The acid corrosivities are dependent rather on the chemical reaction running between the acid and the epoxy chain. These chemical reactions run in parallel with a purely physical diffusion processes.
To confirm the penetration of sulfur, observation with SEM/EDS was performed, it enabled to measure the penetration depth of the sulfuric acid by detection of the element S. Typical curves of the EDS micrographs are illustrated in Figure 5 where the dark line expresses the profile of the element S along to depth from surface, the penetration depth was calculated to be the distance from surface to level off the profile (x in Figure 5b ). Figure 6 shows the penetration depth as function of square root time, it is clearly observed the decrease of the penetration depth as organoclay was added to the epoxy system, the marked decrease was obtained as expected with 0.5 phr, however, all samples were fully penetrated within a short time around 120 hours which is considered too fast for protecting or coating application.
Mechanical properties
Three point bending test was performed for specimen under wet conditions, an average of three test samples were taken. the neat epoxy resin, this may be a result of the agglomeration effect of the organoclay within the epoxy matrix; making the distribution of the particles in the matrix an important factor to be considered in this case. It is known that the stress distribution around the particles increases the stress concentration of the propagating crack, which in turn induces relative early failure. The important parameter that affects this property is the quality of the interface in the composite that is the adhesive strength and the interfacial stiffness of the composite medium. These two factors play a crucial role in stress transfer and the elastic deformation from the matrix to the fillers [17] . The retention of the flexural strength as function of the immersion time is illustrated in the Figures 8 and 9 for water and acid respectively in wet condition, a decrease followed by a level off is observed as function of immersion time. This decrease is more expressed for the neat epoxy than in the case of the epoxy-clay nanocomposite. When organoclay was added the percent decrease of both modulus and flexural strength is more retained. The decrease is mainly due to the formation as already discussed of the tertiary ammonium salt consequently sever distortion is produced around the amine salt and the stability of the C-N bond decreases, causing the scission of the bonds and the decrease in the strength [14] , however, when the organoclay is added, this distortion may be obstructed by its presence, even though deeper analysis of the chemical reaction that might occur must be performed.
Conclusions
A number of observations and conclusions can be drawn from this investigation:
The materials prepared were found to have inhomogeneous degree of exfoliation with rather high degree of intercalation. Under the present processing conditions, the additions of the organoclay can significantly improve the barrier properties against corrosive acid. When immersed in water the absorption parameter seems to be unaffected by the presence of the clay, this seems to be related to the fact that results of sorption are not very sensitive to the extent of filler exfoliation when the diffusing media i. e. water is strongly absorbed by the filler surface. Addition of clay leads to better mechanical properties at wet conditions. 
